Under exhaustive digestion conditions P1 nuclease was found to cleave a subpopulation of intracellular SV40 chromatin only once. The major P1 cleavage site in SV40 DNA was mapped at the origin of DNA replication, and the two minor sites at the SV40 enhancers. The P1-sensitive SV40 chromatin subpopulation was found to have higher superhelical density than the bulk of the intracellular SV40 chromatin. Furthermore, pulse labeled SV40 DNA which had higher superhelical density than that of the steady state viral DNA (S.S.Chen and M.T.Hsu, J.Virol 51:14 -19, 1984) was also found to be preferentially cleaved by P1 nuclease. These results are consistent with a supercoildependent alteration of chromatin conformation near the regulatory region of the viral genome that can be recognized by P1 nuclease. Since P1 nuclease cleaves the subpopulation of SV40 chromatin only once without further degradation, this nuclease can be used as a general tool to define viral or cellular chromatin fraction with altered chromatin conformation and to map nuclease hypersensitive sites. Preliminary studies indicate that P1 makes limited double stranded cleavages in cellular chromatin to generate large DNA fragments.
INTRODUCTION
The regulatory regions of cellular and viral chromatin have been shown to exhibit altered structures as demonstrated by their hypersensitivity to nucleases (1, for a review, see 2, 3) . In a subpopulation of the simian virus 40 chromatin, a segment of DNA about 400 base pairs long that encompasses the replication origin, the transcriptional enhancer, and both the late and early SV40 promoters is found to be free of nucleosome organization and hypersensitive to restriction endonuclease and Dnase I digestion (4, 5, 6, 7) . The SV40 chromatin subpopulation has been estimated by electron microscopy to comprise about 25 % of the total SV40 chromatin at late times of infection (8, 9) . However, by blocking the virion assembly, Ambrose et al. have shown that the regulatory region of almost all the intracellular late SV40 chromatin becomes nucleosome-free and accessible to restriction enzyme digestion (10) . This result, together with the nuclease digestion studies, indicates that the SV40 chromatin involved in virion assembly does not have the nucleosome-free organization in the regulatory region of the viral genome. On the other hand, accumulating evidence has suggested that the transcriptionally active SV40 minichromosomes have a nucleasehypersensitive region within the nucleosome-free domain (11, 12) . Therefore, nucleases such as Dnase I can be justifiably used as a means of monitoring alterations in chromatin conformation in active chromatin.
Although Dnase I has been shown to preferentially cleave DNA in the regulatory regions of chromatin, it has an avidity for digesting all DNA-a shortcoming necessitating a careful titration of the enzyme activity to obtain the optimum assay conditions for detecting nuclease hypersensitive sites. In this communication, we report a new method for studying the nuclease hypersensitive sites in SV40 chromatin using P1 nuclease derived from the fungus Penicillium citrinum (13) . P1 nuclease has both phosphodiesterase and phosphomonoesterase activities with no sequence specificity. It has been used to determine the base composition of nucleic acids and to identify the cap structure of eukaryotic mRNAs (for a review, see 14) . In contrast to the other nucleases, we observed that even when used in excess, it cut a subpopulation of SV40 chromatin only once in vivo at the regulatory region without further degradation of SV40 DNA. It also cut the cellular chromatin a limited number of times. Therefore, P1 nuclease is a potentially useful reagent for defining chromatin populations with altered chromatin conformation as well as for mapping nuclease-hypersensitive sites in the genome. Fig. 1 was purified from the gel and then digested with the restriction endonucleases just described. As shown in Fig. 2 (Fig.3a, lane 4) , the supercoiled form I DNA was the preferential target of P1; as the ratio increased, both the form I and form H were first converted to the form HI linear DNA and then further degraded. Fig. 3b shows the result of the restriction endonuclease mapping of P1 cleavage sites of the P1-generated full length linear SV40 DNA isolated from gels (its interpretation is illustrated in Fig. 7. ). Some specific cleavages were observed, two being located in the AT rich region near nucleotide 4200 and 1310 respectively (the other two minor cleavages being observed around nucleotide 2260 and 2700 respectively). These cleavages were not at the sites found in the intracellular SV40 DNA. This result indicated that the P1 nuclease cleavage sites in SV40 chromatin were not due to sequence specificity of P1 nuclease. Therefore, the specific cleavage of SV40 chromatin in the regulatory region by P1 nuclease must be the result of altered nucleoprotein structure in this chromatin region. The cleavage of purified SV40 DNA at the AT rich region by P1 nuclease is most likely due to the presence of single stranded region induced by the topological tension of the supercoiled SV40 DNA. Similar cleavage of supercoiled SV40 DNA by S1 nuclease and other nucleases has been previously demonstrated (19, and references therein). We investigated whether the P1-sensitive chromatin could be differentially associated with the nuclear matrix. This was done because P1 was found to cut intracellular SV40 DNA at the DNA replication origin or at the enhancers and also because the replication-and transcription-active template molecules were reported to exist in tight association with the nuclear matrix (20, 21) . Previous studies have shown that active SV40 chromatin in infected cell nuclei is resistant to extraction with a buffer solution containing 0.2% Triton and 0.2 M NaCl (22) . Using this extraction procedure we observed that viral chromatin extracted from this buffer was resistant to P1 nuclease digestion whereas the chromatin remaining in the nucleus after extraction was highly sensitive to P1 digestion (Fig. 4) . This result suggests 3.0-2.0- that the P1-sensitive SV40 chromatin is more tightly associated with the nuclear structure than the bulk of intracellular viral chromatin.
MATERIALS AND METHODS
The chromatin with higher superhelical density, the replication intermediates and the newly-synthesized SV40 chromatin are preferentially cleaved by P1 Fig. 5 . When chloroquine at 4 ag/ml was included in the electrophoresis buffer in the second dimension, the supercoiling of the SV40 DNA was still in the negative sense and the topoisomers with higher mobility in the second dimension had the higher negative superhelical density. As shown in Fig. 5 , the faster migrating topoisomers that are more negatively supercoiled were absent in the P1 digestion sample. This result is consistent with the interpretation that SV40 chromatin containing DNA with higher superhelical density (those with more than 28 negative superhelical turns) was preferentially digested by P1 nuclease. The curve indicated as RI in Fig. 5 has been shown previously to be SV40 replication intermediates (15) . The absence of this curve in the P1 digested sample indicates that SV40 replication intermediates were also sensitive to P1 digestion. This could be due to altered chromatin structures of the replication intermediates or to the presence of single stranded region at the replication forks. Since our laboratory had previously reported that SV40 chromatin with higher superhelical density are employed for DNA replication (15) , the preferential cleavages of these chromatin by P1 shown in Fig. 5 immediately suggested that the newly synthesized DNA should also be preferentially cleaved. The results shown in Fig. 6 met this expectation. SV40 DNA pulselabeled with 3H-thymidine for one hour was found to be preferentially converted by P1 nuclease to fulll length linear DNA (Fig.6, RFII) . 6 . Newly-synthesized SV40 chromatin is preferentially digested by P1 nuclease. At 47 hrs post infection, the cells were pulsed with 3H-thymidine at 0.1 mCi/ml for 1 hr, then digested with P1 for 3 hrs, against a mock digestion. Both the samples were analyzed by the 2D gel electrophoresis as described in Fig. 5 . The direction of the 1st D for the P1 digested sample was opposite to that of the control in order to compare more clearly the distribution of DNA topoisomers in the two samples.
DISCUSSION
In the present report, we have demonstrated that P1 nuclease specifically cleaves a subpopulation of intracellular SV40 DNA only once at the regulatory region. The resistance of the SV40 chromatin to further P1 digestion suggests that the cleavage is mediated by DNA topological tension, since cleavage would release the tension and therefore remove the cause for the sensitivity to P1 cleavage. The depletion of the SV40 DNA with the higher superhelical density in the P1 digested sample supports this interpretation. Furthermore, the newly synthesized SV40 DNA with the higher superhelical density is also preferentially converted into full length linear DNA.
Supercoiled DNA with unrestrained topological tension contains free energy. This free energy can be stored in metastable DNA conformations such as Z-DNA, cruciform, single stranded regions, or triple-stranded structure (for a review, see ref. 23 ). Since these unusual DNA conformations depend on DNA sequence arrangements (e.g., cruciform requires inverted repeat sequences), the topological free energy becomes manifested at these sites. It is possible that the presence of the unrestrained topological tension in the SV40 DNA with higher superhelical density causes alterations in chromatin structure near the regulatory region of SV40 DNA in such a way as to render the chromatin sensitive to P1 digestion. In contrast, the topological tension in free supercoiled SV40 DNA in solution is manifested by denaturation of the AT rich region as shown by SI nuclease (19) and P1 digestion (Fig. 3b) Fig. 4 , essentially all the P1-sensitive fraction remained in the nuclei after extraction with the Triton buffer and the extracted chromatin was resistant to P1 digestion. Thus the discrepancy between their results and the results presented here reflects the differences in the methodology used.
The mechanism of nuclease hypersensitivity of the active chromatin is still not clear (for a review, see 3). The deletion experiments of a partial duplication mutant have mapped some cis-sequences that are crucial for nuclease hypersensitivity of the SV40 regulatory region (25, 26) . These cis-sequences may disfavor nucleosome formation and therefore may expose the region to nuclease attacks. Another proposition involves the transacting protein factors. The binding of these factors to the corresponding DNA sequence may induce some perturbations in the DNA organization that in turn lead to nuclease hypersensitivity. Although both of these propositions could contribute to the results shown in this communication, we tend to favor the DNA conformation, more specifically, the supercoiling hypothesis of nuclease hypersensitivity. Luchnik et al. presented the first evidence that the torsionally-strained SV40 minichromosomes were wanscriptionally active because they were enriched with endogenous RNA polymerase activity (27) . Later the same authors proved that the same fraction of SV40 relaxable by topoisomerase I. Furthermore, they showed that this fraction completely lost its hypersensitivity to Dnase I upon relaxation (28) . By studying 5S rRNA plasmid microinjection into Xenopus oocytes (29) , and by comparing 3-globin hypersensitivity to Dnase I in chicken red blood cells in the presence and absence of the relaxation agent novobiocin (30), Ryoji 
